We attempt to investigate if the mechanical properties of an intraluminal thrombus (ILT) could be assessed non-invasively through modern imaging techniques. Thrombus compressibility and deformation are evaluated in vivo. Report: Five patients underwent electrocardiographically (ECG) gated computed tomography scan during surveillance of their abdominal aortic aneurysm (AAA). ILT volumes and cross-sectional areas during peak systole and end diastole were recorded and found to remain constant. Discussion: ILT elastic behaviour can be estimated non-invasively. Under physiologic arterial pressure, an ILT is incompressible and does not deform longitudinally. Ó
INTRODUCTION
Intraluminal thrombus (ILTs) is found in the majority of the abdominal aortic aneurysms (AAAs) and its size varies strongly between patients. The amount of thrombus has been shown to influence growth rate and rupture risk. 1 A possible protective role of the ILT through a biomechanical cushioning effect has been previously suggested whereas others reported that larger amounts of thrombus indicate a potential for rapid expansion and a higher risk of rupture. 1e3 Therefore, identification of ILT mechanical properties is of paramount importance to better understand its influence in AAA evolution and such properties have been mainly assessed ex vivo through mechanical testing. 4 In vivo estimation of these variables, if possible, would provide useful information about the biomechanical features of ILT and further insight into its role in the fate of the AAA. Subsequently, the current study investigates the feasibility to assess the elastic behaviour of ILT noninvasively using electrocardiographically (ECG) gated computed tomography (CT). In this context we estimate ILT compressibility and deformation.
MATERIALS AND METHODS
Five patients underwent ECG-gated CT scanning. Image acquisitions were performed with a Somatom Definition Flash, Dual source-Dual energy CT scanner (Siemens, Erlangen, Germany), before and after contrast media administration with retrospective ECG-gated spiral acquisition. Non-ionic contrast media was used. Slice thickness was 0.625 mm and image matrix size 512 Â 512. No betablocker was administered. The maximum diameter of AAAs ranged from 4.4 to 6.8 cm with a mean of 5.0 cm. Three-dimensional (3D) reconstruction of CT images was performed by two independent observers using the software ITK-SNAP 5 and this resulted in four, 3D AAA models for each case representing the aortic wall and lumen at peak systole and end diastole. The reconstructed 3D-AAA models were processed using the vascular modelling tool kit (VMTK) software. 6 Centerlines were semi-automatically extracted and were used to extract cross sections at 1-mm intervals.
ILT volume was calculated for both phases: calculated: ILTArea ¼ WallArea À LumenArea (Fig. 1) and were compared between peak systole and end diastole. The quotient:
was recorded for each cross section. Median values and interquartile range are presented. ILT volumes and areas are compared between systole and diastole using the Wilcoxon rank sum test; p-values <0.05 were considered significant.
RESULTS
Due to low sample size, median and interquartile range were calculated for ILTVolumeRatio and ILTAreaRatio. Median ILTVolumeRatio was 1.004 (0.03), indicating that the ILT is incompressible in vivo. Furthermore, the ILT volume change between systole and diastole was not statistically significant (p-value: 0.5).
Accordingly, the ILTAreaRatio was calculated for each cross section. Two representative cases are displayed in Fig. 2 . The ILTAreaRatio approached unity for all cross sections irrespective of local thrombus thickness. Median ILTAreaRatio for the five patients was 1.001 (0.03). Apparently ILT cross-sectional area remains practically constant. ILT area change between systole and diastole was not statistically significant (p-value: 0.35). Inter-observer difference of ILTAreaRatio was 1% and was thus too small to influence results.
DISCUSSION
There is a longstanding debate with regard to ILT influence on AAA evolution with some studies proposing a protective while others indicating a harmful effect. 1e3 Pathology studies indicate that the thrombus reduces oxygen supply to the arterial wall inducing wall weakening. 7 Others suggest faster growth of AAAs containing large amounts of thrombus. 3 Recent studies indicate however that ILT reduces PeakWallStress exerted on the AAA wall. 1 Moreover a possible thrombus cushioning biomechanical effect due to its increased compliance has also been described. 2 Assessment of ILT mechanical properties is essential to better understand its effect on AAA biomechanics, wall strength and overall behaviour and to incorporate these parameters into future AAA computational models. Until recently such properties could only be assessed through ex vivo mechanical testing.
Here we investigate whether advanced imaging techniques such as ECG-gated CT can be used to assess ILT elastic properties non-invasively. Specifically we evaluated thrombus compressibility and deformation in vivo in five patients undergoing imaging for AAA surveillance. Both ILT volume and cross-sectional area remain relatively constant throughout the cardiac cycle and along the entire length of the AAA. Therefore our results indicate that the ILT is incompressible and does not deform longitudinally during the cardiac cycle. On the other hand, as reported by Vorp et al., as the aneurysm wall and lumen both expand during the cardiac cycle and the ILT is found incompressible thus retaining its area, there is a thinning of the thrombus layer from systole to diastole. 2 Therefore, the thrombus may deform circumferentially but not longitudinally throughout the cardiac cycle and, in the normal range of arterial pressure, is incompressible which is in agreement with previous ex vivo mechanical studies and ultrasound-based imaging studies. 2, 4 In conclusion, advanced imaging techniques can be used to assess non-invasively ILT mechanical properties. Such measurements indicate that the thrombus is incompressible and does not deform longitudinally but only circumferentially during the cardiac cycle. 
